We propose a model with U (1) B−L gauge symmetry and several new fermions in no conflict with anomaly cancellation where the neutrino masses are given by the vacuum expectation value of Higgs triplet induced at the one-loop level. The new fermions are odd under discrete Z 2 symmetry and the lightest one becomes dark matter candidate. We find that the mass of dark matter is typically O(1)-O(10) GeV. Then relic density of the dark matter is discussed. * Electronic address: nomura@kias.re.kr † Electronic address: macokada3hiroshi@cts.nthu.edu.tw
I. INTRODUCTION
Radiative neutrino mass models are widely renown in connecting the neutrino masses and a dark matter (DM) candidate at low energy theory, which are also applied to accommodate some experimental anomalies that cannot be explained by the standard model (SM). Thus many authors have historically been working along these ideas; for example, refs. mainly focusses on the neutrino mass scenarios realized at one-loop level, and refs. [92] [93] [94] discuss the systematic analysis of (Dirac) neutrino oscillation, charged lepton flavor violation, and collider physics in the framework of neutrinophilic and inert two Higgs doublet model (THDM), respectively. A Higgs triplet model (HTM) is also an interesting scenario to get non-zero neutrino masses where these masses are induced by the vacuum expectation value (VEV) of an SU(2) L triplet Higgs field, ∆, and this scenario is also called as type-II seesaw model [95, 96] .
The VEV of the Higgs triplet, v ∆ , is required to be as small as v ∆ 3 GeV from the electroweak precision measurement; especially that of ρ-parameter. In the Higgs triplet model, we consider the triplet ∆ has electroweak scale mass term µ where v is the VEV of the SM Higgs field and µ is assumed to be smaller than electroweak scale to get a small value of v ∆ . However the value of parameter µ is not theoretically restricted and can be large.
In ref. [17] , the authors have introduced a model that theoretically realizes a small value of v ∆ . In this scenario, the H T ∆H interaction is forbidden at tree level by global B − L symmetry but it is allowed by an one-loop effect where lepton number violation is included and scalar bosons with Z 2 odd parity propagate inside the loop.
It is also interesting to construct such a model with U(1) B−L gauge symmetry since it leads rich phenomenology. In this case, we need to add several SM singlet fermions with B − L charge to cancel gauge anomalies, and it would be motivated to generate the tiny v ∆ by a loop diagram containing propagators of fermions with Z 2 odd parity which can be a DM candidate. In addition, we would have some predictions for DM mass when Z 2 odd neutral fermion masses are related to v and v ∆ .
In this paper, we propose a neutrino model with Higgs triplet field where v ∆ is arisen 
where each of the flavor index is defined as a ≡ 1 − 3 and i = 1, 2. Table I , where i = 1, 2 and a = 1 − 3 represent the number of family.
In the scalar sector, we introduce a SU(2) L triplet field ∆ which has 2 and 1 charges 
1 Two S R are needed to evade the massless neutral fermion that is arisen from N R .
whereH(∆) ≡ (iσ 2 )H * (∆ * ) with σ 2 being the second Pauli matrix, (a, b) runs over 1 to 3, and (i, j) runs over 1 to 2.
B. Fermion Sector
First of all we define the exotic fermion as follows:
Then the mass eigenvalue of charged fermion E ′± is straightforwardly given by M L in Eq.(II.1). The mass matrix for the neutral exotic fermions is seven by seven in basis of
T , and given by
where
Then this matrix can be diagonalized by seven by seven orthogonal matrix O
, where m ψ i indicates the mass eigenvalue. Moreover we define m ψ 1 ≡ m X which is the lightest mass eigenvalue and ψ 1 ≡ X is a DM candidate. We will discuss relic density of the DM candidate below.
C. Scalar potential
The renormalizable scalar potential is given by
where we choose µ Fig. 1 , and µ is given by
. Approximating the loop integration by O(1) constant, the typical value of µ is roughly estimated by
where we have omitted flavor indices for simplicity. We thus find µ = O(10) GeV when the 
where we assume µ is positive to get v ∆ > 0. The triplet v ∆ is proportional to µ [17, 97] ;
where we have assumed µ 
, w + and z are absorbed by the SM gauge bosons W + and Z, and the massless CP odd boson after diagonalizing the matrix in basis of (z
Although we have mass matrix for CP even scalar bosons in basis of (ϕ R , h R , δ R ), we only consider the matrix as two by two in basis of (ϕ R , h R ) ignoring a mixing between δ R and other scalars since it is suppressed by small v ∆ . The mass matrix for (ϕ R , h R ) is thus given by
Diagonalizing the matrix, we obtain the following mass eigenvalues:
Then we parametrize the mixing as
where H 1(2) is the mass eigenstate, t θ ≡ tan θ, c θ ≡ cos θ and s θ ≡ sin θ. In our scenario, 
Applying the interaction, we obtain partial decay width for
Then we estimate the branching ratio for the decay mode of H 2 → H 1 H 1 applying our formulas for VEVs, mass eigenvalues and mixing angle in Eqs. (II.5), (II.12) and (II.13).
The branching ratio is given by 
D. Lepton sector
The charged lepton masses are given by m ℓ = y ℓ v/ √ 2 after the electroweak symmetry breaking, where m ℓ is assumed to be the mass eigenstate. The neutrino mass matrix arises from v ∆ at the one-loop level, and the resulting form is given by
Then it can reproduce the neutrino oscillation data [98] . Notice here that this type of model induces the lepton flavor violating processes even at tree level [99] . The most stringent constraint comes from µ → 3e process, and its upper bound is given by
Thus we conservatively set the y ν to be less than O(10 −3 ) in order to avoid this constraint.
In our scenario, the constraints are easily satisfied since we consider v ∆ = O(1) GeV and the Yukawa coupling y ν can be sufficiently small.
E. Dark matter
At first, let us remind that ψ 1 ≡ X is the DM candidate with mass eigenvalue m X as we discussed above. Numerically diagonalizing the mass matrix, we find that the scale of 
where we have reparametrized DM-scalar interactions by Y N and s ′ θ (c ′ θ ) for simplicity. Note that spin independent DM-Nucleon scattering cross section can be calculated by H 1,2 ex-changing diagrams such that [23] 
939 is the neutron mass, the first numerical coefficient in the first line is given by lattice calculation, and we also assume s θ ≈ s ′ θ for simplicity. We then find that applying typical values in our scenario, e.g., the m X = 10 GeV, m H 1 = 20 GeV, and s θ = 0.05 3 , the upper bound of Y N is found to be O(0.5) in order to satisfy the stringent constraint of the direct detection search at the XENON1T experiment [101] .
Hereafter Y N O(10 −1 ) is conservatively imposed. Also mixing between SM Higgs and exotic scalar is constrained to be s θ 0.08 as discussed above. The relic density of DM is then given by [106, 107] 
where g * (x f ≈ 25) is the degrees of freedom for relativistic particles at temperature 
Then we show the relic density in terms of the DM mass in Fig. 3 for several values of m H 1 = (5, 10, 20) GeV; note also that we obtain g * (x f ) ∼ 60 for m H 1 = (5, 10, 20) GeV for
The results in Fig. 3 suggests that each of the solution lies on the pole, m H 1 ≃ 2m X , since resonant enhancement is required due to the tiny coupling.
Here we briefly discuss constraints from CMB power spectrum and reionization history [109] [110] [111] since the annihilations of DM into charged particles or photon affect them.
Thermal cross section for the DM annihilation is constrained to be σv < 10 −27 − 10 −26 cm 2 from Planck data [109] for CMB spectrum when DM pair dominantly annihilates into
On the other hand, the reionization effect is less significant when the cross section satisfy the Planck constraint [111] . In our scenario, DM pair mainly annihilates intobb or τ + τ − depending on m X and the constraint is less stringent than that from e + e − mode. However the region with 2m X m H 1 would be restricted since σv after > σv freezeout ( σv after is thermal cross section after freeze out) due to Breit-Wigner enhancement. On the other hand, the region with 2m X m H 1 is safe from the constraints since we obtain σv after < σv freezeout .
Before closing the section, we also comment on the possibility of FIMP scenario in which relic density of DM is explained by freeze-in mechanism [112, 113] . We can apply FIMP scenario when the couplings for DM-scalar interaction are very small as Y N O(10 −10 ) and DM is out of thermal bath in early Universe. In such a case, v ∆ would be too small if we assume y N O(10 −10 ) due to small µ by Eq. (II.7), or we need to fine-tune the mixings among neutral fermions and/or neutral scalar bosons. In this paper, detailed analysis of this scenario is beyond the scope and will be done elsewhere.
F. Implications to collider physics
In this model, we have Higgs triplet which contain doubly charged Higgs δ ±± and singly charged Higgs δ ± . For v ∆ ∼ O(1) GeV, they decay into SM gauge bosons as δ ±± → W ± W ± and δ ± → W ± Z. In particular, doubly charged Higgs provides larger production cross section than singly charged Higgs and gives signal of same sign dilepton (+ missing transverse energy) [114] [115] [116] [117] . In this case, the mass of the triplet is constrained as m ∆ 84 GeV by the current experimental search for same sign dilepton signal at the LHC where the doubly charged Higgs is assumed to be produced by electroweak processes [117] . The Higgs triplet can be produced via
a signature of our model where produced δ ±± (δ ± ) and resulting W and/or Z bosons in the final states will be highly boosted when Z ′ mass is much heavier than them.
We estimate the Z ′ production cross section at the LHC 13 TeV using CalcHEP 3.6 [118] by implementing the Z ′ gauge interactions. The Fig. 4(a) shows the Z ′ production cross section as a function of m Z ′ where we applied g BL = 0.3 as a reference value. We find that the cross section is ∼ 1 fb for m Z ′ = 4 TeV, and the cross section can be scaled as (g BL /0.3) 2 .
The branching ratios of Z ′ are also calculated by CalcHEP 3.6 and we summarize the ratios for some modes of our interest in Table III . We find that BR ∼ 0.1 is given for charged scalars, SM leptons and exotic charged lepton pairs where dependence on m Z ′ is negligible.
The expected number of events are also shown in Table IV for several values of m Z ′ with the integrated luminosity of 300 fb −1 . Here we just show the potential for discovering Z ′ signature of our model and the detailed event simulation including SM background with kinematic cuts is beyond the scope of this work which will be given elsewhere.
The exotic charged lepton E ′± can also be produced by electroweak interaction since it is from vector like exotic lepton doublet L ′ . Here we estimate the E ′± production cross section including electroweak and Z ′ interactions. The Fig. 4(b) shows the cross section as a function of m E ′ where we have applied g BL = 0.3 and m Z ′ = 4 TeV as reference values.
pair production at the LHC, we obtain signal of W + W − ZZ + / E T where gauge bosons are produced via decay of δ ± . These signals can be tested in future experiment at the LHC with sufficient integrated luminosity. For example, the cross section of E ′+ E ′− pair production is estimated as σ pp→E ′+ E ′− ≃ 0.4 fb when the mass of E ′− is 1 TeV; electroweak production is dominant and around 0.1 fb is obtained for pp → Z ′ → E ′+ E ′− . Thus roughly 100 events are expected for E ′+ E ′− pair with integrated luminosity of 300 fb −1 . As the Z ′ production case, here we leave the detailed event simulation study in future work.
III. CONCLUSIONS AND DISCUSSIONS
We have propose a model with U ( In addition, we find too small mass of H 1 is not allowed by relic density even when it is on the pole. We have also discussed implications to collider physics where the Z ′ and exotic charged lepton pair production cross sections are estimated. Then the potential for discovering signature of our model has been indicated showing expected number of events at the LHC 13 TeV where detailed event simulation study including SM background estimation with kinematical cuts is beyond the scope of this paper and it is left as future work.
